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L " ABSTRACT

One vapor barrier located near the warm surface of an insulated
wall may not prevent the condensation of water vapor when outside
temperatures enter into the sub-zero rangs. This condensation:. destroys
the heat-resistant function of the insulation, The addition of

' properly looated vapor barriers of correst permeance will control'the

; condens tion in structures subjected to sub-zero ambienb temparatures.

mvemant of vapor and prevent condensation within the insulation,

Thié report is & technical analysis of ”t,he problem of controll ing"
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* INTRODUCTION

Since the end of World far II the lfilltary has established many
ne¢w bages in the arctic regions to provide protection againat an
aggreseive act of war, It was-soon discovered, however, that mates
rials and equipment needed to equip the bases failed, for the most
parb, Yo give-s‘tisfactory perférmance in the sub-zerb arctic’
temperatures because too little banrkground infor{nation was avallable,
Sparked by these shortcomings ; the Arned Servises have embarked on
an ambitious program of studying the effects of cold weather on
‘weapons, materials, machinery, and equipment, and meking necessary-
modificationa to assure satisfactory perfcrmance. .

“Many problémB have been investignted ‘with v‘ary*ing ﬁegrees of
succeas, A few- problems have been neglected ‘almost ean, letely =

' beceuse of tile press of othér work and bocause 1t wae {EOt realized-

that they exist, One of these is the build-up of condimsation in .
ineulatad sbructurea subjected to very low amblent téﬁqseratures. \l
\ A recent; investization- at’ Ft.. Churchill s Canada, bavealed t.ha\
~ every' butlding which ves heated and occupied suffered from-frost
 damage ‘to-serie extent. Some shbwed only sminor water stains while
“many iere s’oructurally deniaped, - Plgures 1 and 2 illust.rate typioal
conditiona ound in this investigation.

5 The fact that condensation can occur. in insulated walls has
- been knovm for many years.  Vapor barriers plased near the warm

-'l

- surfage will .reduce cdndenaati,on. But it is not.generally réaliz-

ed that one vapor barrier may not prevent- coridensation at subsgero
tanpez*aturea; as-a’matter of fact, it ravely does, - An dnalysis at :
.the U, '8, Naval Civil Engineering Researoh and Evaluation IaboratoryJ
Port Hueneme, Celifornia, has shown that condensation is very likely,

b : Je o bo oocenr when atmospheric ‘temperatures. enter into “the: sub~zero range.’ o

in spite of supposedly -effective warm side barriers, It is- the pupais
pose of this report to analyaze the need for additional barriers and Lo
to offer a poss:!ble solution to hhe problem of water vapor condensation. ;

ANALYSIS

’/' ~' - . . o ;.!\"‘.
It is. -generally acdepted &s fact that condensabion may odecur in°

" insulated walls and that condensation cen be prevented by placing &

vapor barrier near the warm surface, This is true in most instancss;
however, the use of more than one barrier specifically placed withini™
- the .insulation may be required if the t.emperature gradient through
the wall is e 'trame.
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Two major points to consider when analyzing the need for two or
more vsapor barriers are:

(1) The axtent of the thermal gradient through the wall from

inside to outside, If a sutstantial temperature difference :
-exiets acress ‘the wall with the cold surface at O F or lower,

' one ur more additional barriers may be needed because dew
point temperatarea will usually be reached,

(2) The effectivene=s of the first barrier, If the first
‘barrier cannot reduce the vapor preasure at the high
- -8ide to approximately the same level as the low side,
one or more additional barriers mgy be needed, This

-8 because the other materials in the wall have.little

effect on vupor pressure.gradient, If at any place within .

the wall the sctual pressure of the vapor eguals the
pressurre of a-dew point temperature, one or more . additional

;;f'( . yapor barriers will be neéded because the dew point tempera—.

ture is tﬁe condenaetion point,

'T-, v To illustratexﬁnd explore the need for' ‘one or more additional vapor -

barriers, the wall section of a typical Navy vaniprn will be used. A
wanigan 1s a preassembled building for cold climatée end ean be readily. .
carried on a tractor-dravwn sled, Tahle I 1lists its wall conétituents,
.. For purpose of this illustration, it wdll be assumed that the inside - ;
.conditions are 70 F and 35 per cent RH .and outside condltionsarw ~35F |
‘and 50 per cent RH. : o *

- ) . . §

,TABLE T

Lo Matenial- j*x~ " Tnermal conductance S Formeagcen

-;1nterior to. az&erior Btu/hr~ft2-deg F o “Gvains/hr-ft ~in, Hg

- . . 4/ . i ,\'L - L Lo

l/h“ eX£érior-bYP° plvwood L n2,56 f.:' 035

with 2 opats.of paint.. e ) .

Vhpor barrier o Negligible heat - = . .. 0,10

o resistivity - A
1-5/80 fiber glaas B : 0;17 " Negligible vapor-blo"k- '

‘-inaulation p s o ) ing ability
I/ extertoretype plywoed 2.5 . .o,35,_

Wibh 2 ooate of paint

*Permeance ls the Tate of water vapor transmisaion for thickness of
material considered; greins per hour times square feet times inches
of mercury vepor pressure difference.
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Vith the inside and outside temperatures and the thermal conductance
of the wall's constituents known, it is possible to plot a thermal
sradient across t.he wall by the i‘ollouing formula 8k .

; 'bx ~ ‘bi (tj_ ? tq) el (“1)
, . ‘ RZ o L
where .o %}\ : c ‘ :,.i- SR SR S DN
i ‘ o . . . " »\
B = the reaietance to heat flow from inside the atructure to any .
point in the wall at Which the temperature isvte- be: determined.

i

Ry = the over-all resistance to heat flow of the wall £rom inside
to outside,

tx = alr temperature to be detér;pined.
t]_ uirlside a:Lr tomperature. _ -» e EEREL L PR
Qo - outside air témperature. T T

 The. maultant thermal gradient from #70 F to -35 F 18 Bhon in
Piguge 3, Not.e that' the tamperature ia kriown at: any point 'q(d.thin the
wall. R " L ,

I AN T

A saturation preseure g‘Padient may how. v be plotted fr\om the “thernnl

“. gradient temperstures, - This' curve is also ‘shown in Figure 3 and repmaent.s"f

a loci of points at which- condensation’ deours, - (Eaturatién preasuraa o

. may be. obtainad fmm any low-prasaura staam table.)

ol Lt
Nex'b it ia necassary to\.l daterm:l.ne the aotual or réal vapor pressure

- gradient through the wall, This determination is.made possible. by - -
- eonverting the.inhalds end. bitaide teripsratures and’ relatdve humidities

"to vorresponding vapor preséures and\ plobtj.ng a vapor pressure gradient
.by hhe formula belom ERCIRE A

Mz - t.he pemeancc of that portion of bhe wail rrom inside air to@

: -any point J.rr 1,‘he wall at whioh the vapor preasure is té’ "Be
" dotamimd. L

1y w the over-a‘.ll pdrmﬂance of the wall from inside air to outaide

air,
P ". [“, -,
Formula 2 may also be expreaeed a8 '
pxaP:L-rl(pi-po) B
. ‘ ,j Ty S
¥ 1955 AGHAE Guide ‘
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4f a vapop barrder were to be placed at this point, condensation

T

where

ry = the resistance to rate. of water vapor transmission from the
inside air to any point in the wall at which the vapor
pressure ia to be.dstermined, T

' rp = the over-all resistance to rate of water vapbr trensmission
of the we)l fram inside air to outside air, ' : ’

Py m vapor ﬁreasu?e to'be”deﬁérminéd.
P = insideivapdr'pressuré. .

Po = outside vapor prassure,

. Tne resultant actual vapor pressur¢. gradient:of Figure 3-shows. :
thiat the water vapor has reacted a condensation point twe~thirds through
_the insilation and continuing into the exterior plywéod; the .aetual
condensation point occurring at a vapor pressure of 0,05 inches of
meroury.. -Therefore, under the -pet. of conditions-given, condensation

will occur and the need for additionhel-barriers:is clearly irndicated.,
Parenthetically, the condensation rate might be small but can build ... .+
up over a prolonged period to a point where 1t will destroy the heat=

blocginghtunction.of”thp insumhtidﬂg ; . oo _

* Figare 3 shows.that condensation’will oceur approximately /8 - -
inch in from the exposed.cold surface, It would qpenm:m;@pnabldgthat :
‘'would .

- “'he-eliminatedy. This -assumption is disproved, hewever, by analyais,'

For example, if b0 the-original.set of conditions,. 70 E and 85-pepr- .-

~oent- RH and-<35 F and-50.per-cent RH outside, there liii'added a vapér - " ”
‘barrier of equal permesnce at the éondemsation point, it will: be found

‘that condensation 1s not ‘eliminated but that the original  condensation’

point shifts inward toward the warm side, This shifi can be'demonstrated 

‘grephically by plotting only the actual vapdr-pressure curve because .
the added barrier will have a'negligible effect on the over-all heat - :
transfer rate of the wall, . If the pressire drops are recalculdted by -

. egain usiyg Formula 2, the resultént actual vapor pressure gradient of
- Figure-/4 shows that the water vapor has veached a gondensation point

one-third through the insulation and continuing inte the exterior ply-

| ~ wood; the actual condensation point being at vapor pressure 0,13 inches -

of meroury. It is evident, therefors, that the additional barrier not
only failed to eliminate ccndensation but that it made the situatien

 worse. The condensation point is now 1 5/16 inch from the exposed

©cold surface, which is an imward shift of 7/16 inch,

Tt may be stated thus far that one vapor barrier, per se, cannot
prevent condensation, and an additicnal banrier placed at the initial
condensation point not only fails to prevent condensation but permits
more wetting of the insulation. The need for one or mors additionel
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barriers is certainly required, but barrier permeances and locations
must first be determined before condensation can be successfully
prevented,

- Barrier permeance, a function of vapor pressure drop across the
wall, must be sufficient to prevent condensation, The desired

permeance valiue can be found by a Léborious cut-and-try method  requir-
" ing many tedious hours of routine calculati¢ns - a procedure .which'is

time-consuming and ifpracticable,

These undesirable featureg of . permeance ca.lculah:.ons have been

eliminated by a formula developed by the U, S, Naval Civil Ingineering |
* Research and Evaluation Laboratory, .The formula wherein Pi po is

equal to the vapor preaaure drop across the wall ia/

e 22 xloge __PL_ -~ _ H(A)f /. :

PL~Po  Pi-Po

, ,M = the totel permsance required to prevent ccndensation. _

' pi = the insida vapor presaure, inches of meroury.

0
[

Po = t.he outside vapor pressure; inches of mercury.

The' over=all permeance required by 'ahe wan:bgan wall to halﬁ

c;ndenaation may now be determined by the use'of Formula 4 - Reeolving
©. - the origine) ‘condition,of 7O F and 35 per cent RH inside and: “35. I
. and"50 par. vent RH autéide Mtoworrecponding vapor pressurea , the
permeﬂnce becomea: . o L I

M- -

M 0 0015 perma - over-gll permemce e i i(" .

- A perm is equal to R grain waf.er per hour times square feeb td;mes

" -inches of mercury.

Thua a wal.'l. that wilJ. provida an over-all o total permeance of ‘

0,0015 parms is needed, Because building materisls, for the most: part,

‘are not-vepsy barriers, the permeande of 0,00L5 must be provided by
the vapor barriers, mia ‘permeance may -be shared by .two or. three
barriers: if two are used, éach barrier must provide 0,003 perms .- -
resistance; 1f three are used, each barrier must provide 0,0045 perms,
Table II 1lists a .few barriers whose permeances can drop vapor: prea-
sures to these safe levela, They are taken from the final report,
"Survey and Analysie of the Vapor Transmission Properties of Building

 Materials," Contract NOy 73244, University of Colorado, which is a

N

p—

literature review summarizing the available published date on the subject,

5
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! TABLE II !
'= |
! {
f Material Permeancé - {.
’ : LI, o o
i : To Duplex paper P
. - 1. Aluminum foil coating on one eide and 0002 . f
© asphalt lamination - 43 lh/SOO sq ft, . B
D 2, Auninm foil coating on ohe Side and 0,008 "o o
| , ,asphalt lemitation - 20 1b asphalt and B T A
‘ } o 30 1b kraft paper. R ;
g ” I. Films ‘ ‘ l B “. \
' " 1. Phenolic resin - tung odl anid mineral O.OOB'L :
- ‘ . epirits.~ ; = f
\, 2, Orange shellacy o, 0036 to 0.0062
1 R ' B o ; H
; '; v 8, jéhite-bak;ng pﬂimer.""”' -0, OOl ) e - . i‘
- - by Ubite baking enamd. | 0,001 t00,003 E
Evl . {F5;1>0ne coat thite baking prhmer plus’ P b;oo;_,, e

'jone cont whi ¢ baking ﬂnnmel,.

B §5 1e 0.000E-inch aluminum foil permeanpeugquals O;Of‘tq O. :,fff‘:"“'i

1ng upon number of pinholea n the foll.

" Mluninun ro.u, 0 oo;. in. ths.ck, 15 o perme

Duplex papera with aluminum.foil can be used go satisfactorily
- .reduce vapor pressure to.a safe level; two barriers vhose permeance

- " 18.05003 .6ach may be used for the wanigan wall under

consideration,- *ﬂf,i -

~-" Films also are satisfactory vapor barriers but they cannot be used .
erxcept on rigid material whose eurfaoes will accept fihm application.

" The.

Figures 3 and 4,
use of Formula 2.

;nal atep required 1s to. de*ermine the proper posibion of the
vapor baryfers within the insulated well.- Figure 5 is a graphic represen~
, tation . of this final step utilizing two barriers, ’
<% 4g-drawn Yo scale and the saturation curve is plotted thereon as in -
: Next, the actual vapor pressure curve is plotted by
A_vapor barrier is placed at each point where the
ure curve and the saburation rassure ourve meet.

. - actugl vagor gresa B U

.The wall section




i .
' Location of these points may then be determined by measuring in from i
the inside or outside wall surface, Figure 6 graphicslly ehows the .
; positions when three vapor berriers, each 0, 0045 perms, are used, W
] : Viith analysias completed, the conclusion is that two vapor barriers s qﬁg
o each with 0.003 perms, or three, each with 0.0045 perms, are needed, S ’
, - Table IIT shows the revised listing of the wanigan wall's comstituents, , i
: TABLE ITT :
4; " (Two Barriers)
i - _ . o : Tharmal cgnductance s ?E?m mee - -
¢ :I.nt.erior-to e:te‘rior,-,. Btu/hr-.ft -dqg F - . Crains/hr-ft-in, Hg ‘
?- - l/k“ extorior-typt plywood : 2.’56 o S 0,35
F PR vr.Lth 2 coats of paint. e T B
e Vapor barrier - . - Negligible heatwblocking . ' 0;0'0'3* | R S
e : . sbildty 4 . i
; . 5/8n fiber gless '0.17,,_ : . Negligible v'apor- D :
\ - insdlation C blocking sbillty v g
o  Vapor barrier Neglibible heat-blocld.ng Y0003, . Lo E.
. e . " ’. . . v . . . ("f\ . . ) 3 a '
- 1" fiber glass - .- L 0 17 ‘Negligible vépers . '
insulation ' » R block:!.ng abi.lity » .
1/ aiterdorctyps plywosd a6 D .35 “'\\v-v
‘with 2 Ooats of paint S B _— L

£ o p - i 0 I - R v R — :
I . . : o )
k o The qugatibn may be: uked if the position and permeanoes of the ' )
" barriers dictated by design conditions will change if there is a devid-- .

v, : tion from design conditions, - Prolonged inoderate deviations of outside

S " conditions cdn be tolerated without incurring cendensation besause such

' - changes would not materially alter the slready low outside vapor pres« -

" sures, For example, & 100% relative humidity change is only am difference '

: of ,005 inches of mercury at ~35'F, The -designer is cautioned, however,
f*i _ - ageinst inside changes that raise the vypor pressure, Prolon;ed nmoderate

. upward deviaticns can result in condensatiom, and it is prudent to base

deaign on the highest vaper pressure to be expeoted in service,

s .1\&»‘;&»;*;%&5&&_}_4ng s e e P s
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The question may be alsc asked whether the vapor barriers could
be grouped near the warm surface. It can be done provided the actual o
vapor pressure curve never crosses the saturation pressure curve, Such -
grouping may facilitate the manufacture of "bullt-in" vapor barriers, o

omanr L S
B The method herein ‘sst forth to- determine the location of vepor
‘barriers within insulated walls and barm.er permea.nce may be summarized

,. ‘ by the f’ollowing chronologicel steps: ) . ;

i 1. Tem erature qnd Saturat.:.on Pressure Gra ehta o

. . IR L
, , ' Plot the tefperature gradient snd’ satumtion pressiiré gradient on - I
R the drawn-~to-scale wall cross~-gection. Use formula : : ‘ :

1 tya ti - ERl" (ty - to) ~ to determine the temperatufe gradient. A : 1

Co - .Use low-pressura stes.m tables -to detcrmine the corresponding
T saturaticn pressure gradient.' R } I o

2 Barrier Permeance o a T S ) y oy

Sy T e~ e,

o Det,ermine the: over-a:l.l permeance n’eedad to“prevent condengation. ) . ;
P Use férmula M 6 .035 (1°5° P:I. )’ and split this. permeance i o
into two or more vapor barriera as required. e T \\

3 B_ams.ue.o,em e LS Rt S

~ Plot the aobual’ wpor pressure curve, Use férmild ' e
px =pi - Mo (pi - po) . Contact pointa wh.!.ch result from the actual S ;

(RN —

. vapor prese&re curve meet.ing the saturation presgure curve will
poaition thé’ vapor ”barriers. o ) o

i Lo : It. must also be kept 1n mind that a vapor barrier 18 no. bet,ter ey
o " .than its instellation method, * A nail hole or careless tear or gesam = = .. = . =
will destroy the.effectiveneas of the best barpier materials, Once _ S
 condensation-or frosting, starts, a . progressive deteriorat.j.on of the.-. . Y
insulation begins which changeg the. tempereture to ‘vapor preasure
relationships shom, - 5 LT

P T

4 . Ny
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Figure 1, Frost build-up in attic space.
Dew point temperatures of the
migrating water vapor were
reached at roof sheathing,

Llimre D Hoot q ucturg) damage caused
by Prolonged frost buj_ld-up.
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'Vq::or Pressure (@in. ofmrcu:y) ‘ '

vapor
barrter

15/8
vapor:
" barrier-

\ quur&\ion _
pressure gradient

fiber glass

actual 7

| vopor pressure

curve

condensation

fe—-7/8" -

e w35 oyt=

side temp

surface

1/A" plywood

Figure 3, Wall section with one vapor barrier placed at the warm side.
Water vapor has reached condensation point two=thirds through

the insulation,
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gradient

‘ fiber glass ¢
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-40 | . baorrfers | 3 ' side temp

cold
surface

“ saturation

4 F pressure gradient

c3"'

-2-1 ‘

Vapor Pressure (in. of uiercény) -

actual /1
} vapor pressure
curve

Ry

. condensation

Figure 4. Wall sectlon with a vapor barrier placed of the warm side and ot
original condensation polnt of Figure 1. Water vapor has reached

condensation point one=third through the insuiation.
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Temperature {deg F)

Vapor Pressure (in. of men;ury) S

15/8"

PARY)
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i

vapor . \ ‘ fiber glah

N barriers

3

C

saturation
pressure gradient

actual vapor /
pressure curve

T -350ut-
«side temp

“//

cold
L"n.wf_aco

AN

-~ §

Figure 5. Wall section with two vapor barriers, Correct parmeance and

location have prevented condensation,
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/4 " plywood —p-

 surfece

" Vapor Pressure (in. of mercury) :

Temperature (deg F)

- warm ___

. !'cé:l— "

i

B saturation

pressure
gradient

actual vapor
pressure curve

——-35 out~
. side temp

3

cold;

“Surfach

174 " plywosd
NS

Figure ., Wall section with fh_reé vaper barriers, Correct permeance and
location have prevented condensation.,
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